Summary: The fixation of soft tissue grafts used in anterior cruciate ligament reconstruction (ACL) is a determining factor for the long-term success of the ACL reconstruction. This article provides an overview of the mechanical test methods used in our laboratory and the biomechanics literature to compare methods of soft tissue fixation that are available to the practicing orthopaedic surgeon. The basics of uniaxial tensile testing are reviewed with particular attention to the differences between the structural properties of the reconstructed graft and the material properties of the graft itself. The effects of the stiffness of individual components on the overall structural response of the system are studied in the context of a simple series spring model. Techniques used to measure graft cross-sectional area, overall elongation, and graft strain are reviewed. The importance of controlling temperature and hydration during and between tests is emphasized. Failure testing, cyclic loading, and in vitro evaluation of joint kinematics are reviewed with specific attention to factors that affect the overall test results. The final section provides a brief overview of the factors that contribute to a well-designed experiment and statistical analysis. It is hoped that the information in this article will provide the reader with the information necessary to critically evaluate the multitude of experimental studies that compare the mechanical characteristics of different ligament fixation techniques.
INTRODUCTION
stiffness characteristics, both at the time of initial The decision as to which fixation device to use fixation using cadaveric or animal tissue, or for in for ligament reconstruction has become increasvivo studies using animal models. This information ingly difficult as more and more fixation devices is useful in the design phase and for comparison reach the market. A large part of the market is tarbetweep devices, but the data also can provide the geted at reconstruction of the anterior cruciate ligs~geon .with guidan~e for the .sel~ction of a .fixaament (ACL).
The fixation devices available tlon devIce for a partIcular appltcatlon. Butler Ideninclude staples, screw and washer, interference tified three functions of graft fixation devices: (I) to screws, crosspin designs, and devices for cortical provide apposition of the graft with surrounding tisfixation. Fixation in bone ranges from purely cansue to allow incorporation; (2) to resist slippage or cellous to purely cortical. Many factors influence a migration under repeated loading; and (3) to resist surgeon's choice of fixation, including price, ease sudde~ traumatic loading. This article provides an of use, and efficacy for a particular type of soft overvIew of the types of mechanical tests that can tissue graft. Mechanical testing of these devices ofbe used to address the latter two points for the analfers an objective means to compare strength and ysis and comparison of ligament fixation devices.
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To understand the biomechanical factors that arẽ ddress con:espon~ence ~d rel;>rint requests to Jeffrey A. important in evaluation of ligament fixation it is Welss, PhD, BIomedIcal EngIneerIng Program, Dept. of Aer-., ospace and Mechanical Engineering, The University of Ariuseful to understand the means of evaluatmg the zona, 1501 N. Campbell Ave., Tucson, AZ 85724, U.S.A.
tensile properties of a bone-ligament-bone prepa- If two springs of equal stiffness k1 = k2 are put I\ I\ /\---"---" I\ 1\-in series, the total system stiffness K will be re-F V V ~ V v. F duced by a factor of 2. If k1 = 100* k2, then kt will have little effect on the overall system stiffness K. applied to the system, the total elongation is U = Cross-sectional area measurement ut + u2, where u1 and u2 are the elongations of each
The cross-sectional area of a graft used for tests spring. Thus, it is clear that if the first spring is of ligament fixation devices affects the ultimate much stiffer than the second, that is, kt > > k2, then load and stiffness properties of the complex, More the total measured elongation will be dominated by material of a similar quality in cross-sectioll yields the elongation u2 of the spring with stiffness k2, a higher stiffness for the complex and a higher ulFurthermore, the total force F in the system is retimate load if failure occurs within the graft. It is lated to the overall system stiffness K and displacegood practice to document the cross-sectional area ment U through of the grafts to ensure that it does not bias the results of comparisons between fixation devices, and F = KU = K(u1 + u2).
- investigators used the gravimetric method, which F F calculated the cross-sectional area through division u1 = k' u2 = k.
(2) of the volume by the lellgth,1,2° Conventional length 1 2 measurement methods, such as Vernier calipers,
Combining the two previous sets of equations, also have been used to measure the width and eliminating F and solving for K, the overall stiffthickness of ligaments and tendons, and the area ness of the system can be written as:
has been calculated assuming a rectangular or elliptical cross-sectional shape.13 K = ~. 
hlgh-magllificatlon lens, a vIdeo camera IS focused a, on the contrast markers attached to the soft tissue Cyclic loading graft and bone at the entrance of the graft into the Cyclic fatigue testing evaluates the ability of a tunnel, The video magnification is adjusted to maxfixation system to resist migration under repeated imize the percentage of the screen occupied by the subfailure loading conditions, Creep describes the markers to achieve the best accuracy and resolution increases in elongation that are observed when a for video-based length measurements, A reference test complex is subjected to a sustained load or cylength is filmed in the same focal plane as the graft clic loading between constant load levels. Stress or and bone markers to allow determination of physload relaxation describes the decrease in stress or icallengths between the markers using a video moload that is observed when a test complex is subtion analysis system. The graft-anchor-bone comjected to elongation at a constant length or cyclic plex is cyclically loaded between limits of 30 N elongation between constant lengths. Cyclic creep and 150 N at a rate of 0,5 Hz for a total of 1000 testing is considered a demanding test of fixation cycles (approximately 30 minutes), Previous work devices, because the load levels do not change. In on the cyclic loading of soft tissue ACL reconstructhe in vivo case, other structures would begin to tions has shown that peak loads ranging from 50 take up the load as the graft stretched out, relieving N to 300 N cause significant graft migration with the total load applied to the graft. If the fixation respect to the graft tunnel lip.16 Thus, 150 N was slips under cyclic creep testing, it normally continchosen as a reasonable level for cyclic testing. The ues to slip each cycle until complete failure of the number of cycles was chosen to be consistent with fixation is observed, the rehabilitation protocol of 900 cycles per week, Figure 3 
